by the p-cell toxin streptozocin have shown that the insulin-resistant glucose transport of peripheral tissues (muscle and adipose) in these animals can be ascribed in part to a pretranslational reduction of the major insulin-sensitive glucose transporter (GLUT4) in these tissues. Because a central feature of non-insulindependent diabetes mellitus (NIDDM) is an impaired ability of insulin to enhance glucose disposal in skeletal muscle, we examined the hypothesis that reduced expression of GLUT4 is a characteristic finding in the skeletal muscle of subjects with NIDDM. Biopsies of skeletal muscles were obtained from 17 patients with NIDDM and 10 lean and 9 obese nondiabetic subjects. Among the diabetic subjects, 7 were newly diagnosed and untreated. Compared with age-matched and body-weight-matched healthy control subjects, there was no significant alteration in the level of GLUT4 mRNA demonstrated by Northern blot and slot blot or GLUT4 protein determined by immunoblotting muscle membranes. Neither GLUT4 mRNA nor protein concentration correlated with the degree of glycemic control, fasting plasma insulin or glucose, diabetes duration, body mass index, sex, or age. GLUT1 mRNA and protein levels were also not significantly different between diabetic and matched control subjects. Thus, unlike streptozocin-induced diabetes in rodents, there is no evidence that impaired expression of the major insulin-responsive glucose transporter is responsible for insulin-resistant glucose transport in the skeletal muscle of these lean and moderately obese NIDDM patients.
A lthough patients with non-insulin-dependent diabetes mellitus (NIDDM) are heterogeneous with respect to clinical and pathophysiological manifestations, they share two major abnormalities in the pathogenesis of hyperglycemia: a relative insulin deficiency and tissue resistance to the action of insulin (1) . In the postprandial state, most insulin-regulated glucose disposal takes place in skeletal muscle, and in NIDDM patients, insulin resistance in muscle makes a large contribution to the observed postprandial hyperglycemia (1) . Studies of the molecular mechanisms that may be involved in the insulin resistance of muscle from NIDDM patients are limited. Decreased binding and kinase activity of solubilized muscle insulin receptors of NIDDM patients have been demonstrated (2) (3) (4) . Moreover, in muscle-strip preparations from morbidly obese diabetic and nondiabetic subjects, diminished insulin-stimulated glucose transport has been reported (5) . Insight into the mechanisms for this defect could come from studies of adipose tissue, another peripheral insulin target tissue, where cellular glucose transport has been well characterized (6) . The reduced insulin-stimulated glucose transport in fat cells from patients with NIDDM is due in part to an inability of insulin to elicit a translocation of adequate numbers of glucose transporters from an intracellular pool to the plasma membrane (7) . It is clear that insulin-sensitive peripheral tissues such as adipose and muscle tissue contain at least two different species (GLUT1 and GLUT4) of glucose-transporter proteins (for review, see ref. 8) . Previous experiments with rats, in which acute diabetes was induced by streptozocin, have shown that the insulin-resistant glucose transport in adipose cells from these animals is associated with a significant reduction of the major insulinresponsive glucose transporter (GLUT4; 9-12). GLUT4 mRNA levels have also been shown to be reduced in muscle from diabetic rats (10) . Consequently, we tested the hypothesis that the molecular mechanisms responsible for the insulin resistance of patients with NIDDM involve reduced expression of GLUT4 in skeletal muscle.
RESEARCH DESIGN AND METHODS
The study protocol was approved by the ethical committee of the county of Aarhus, Denmark. Informed consent was obtained from all subjects in accordance with Helsinki Declaration II. Lean and obese control subjects had normal HbA, c and fasting plasma glucose and had no known family history of diabetes. They were all sedentary, and they were asked to continue their usual diet until the examination. A body mass index (BMI) of 25.0 kg/m 2 was considered f he upper limit for a lean subject. Every obese control subject exhibited normal glucose tolerance with a standard 75-g oral glucose tolerance test. Subjects with NIDDM as defined by the National Diabetes Data Group (13) were selected from the outpatient clinic of the Diabetes Unit of Aarhus Amtssygehus, Denmark, according to the following criteria: Patients with a plasma C-peptide level of >0.6 nM 6 min after an intravenous bolus injection of 1 mg glucagon were included in the protocol.
In our study, we did not measure in vivo insulin action; however, in a group of NIDDM patients with the same ethnic background and similar metabolic control and BMI, we reported severe insulin resistance of glucose disposal in peripheral (muscle) tissue measured by euglycemic clamp (14) . Only patients in good health, apart from diabetes; without evidence of infectious disease; and with normal serum electrolytes and liver, renal, cardiac, and thyroid functions on routine laboratory examination were selected for study. Seven lean and 10 obese diabetic patients fulfilled these criteria. All diabetic subjects were sedentary. Seven of the diabetic patients (4 lean and 3 obese) were newly diagnosed and received no diet or drug treatment before examination. Of the 10 previously diagnosed patients, 7 were treated with sulfonylureas and diet, 1 with metformin and diet, 1 with insulin and diet, and 1 with diet only. For the last week before the study, the diabetic patients were asked to eat weightmaintaining diets that typically contained 48% carbohydrates, 40% fat, and 12% protein. Patients with diabetes were classified according to metabolic control: Patients with HbA, c <7.5% were considered in regular acceptable control, whereas patients with HbA, c >7.5% were considered in poor glycemic control.
All examinations were made between 0800 and 0900 after an overnight fast (no food or medication for 10 h). A venous blood sample was taken. Plasma glucose, insulin, C-peptide, and HbA, c were measured by conventional methods. A percutaneous needle biopsy of vastus lateralis muscle (-500 mg) was taken with local anesthesia 20 cm above the patella on the lateral part of the thigh.
The muscle tissue was rinsed and dissected free of erythrocytes and connective tissue and frozen at -70°C. RNA was extracted by the guanidinium isothiocyanate-CsCI method (15) . Quantity and purity of RNA was determined by absorbance at 260 and 280 nm. DNA was measured spectrofluorometrically (16) . Total muscle membranes (plasma membranes and microsomes) were prepared from -100 mg of the biopsy that was polytroned in a buffer containing 10 mM NaHCO 3 , 0.25 M sucrose, and 5 mM NaN 3 , pH 7.4, 4°C, according to a modification of the total membrane preparation of Klip et al. (17) . Homogenates were centrifuged at 1200 x g for 10 min at 4°C. The supernatant was saved, and the pellet was resuspended, homogenized, and centrifuged at 1200 x g for 10 min at 4°C. The first and second supuernatants were combined and centrifuged at 9000 x g for 10 min at 4°C. The supernatant from this spin was centrifuged at 227,000 x g for 75 min at 4°C, and the pellet was resuspended. Protein was determined by the Biorad protein determination method. To ensure that significant amounts of GLUT4 protein were not discarded, we immunoblotted the pellets from the 1200 x g centrifugation that contained fibrous material, the pellet from the 9000 x g spin that contained mitochondria and nuclei, and the supernatant from the final ultracentrifugation. Insignificant amounts of GLUT4 were detected by anti-GLUT4 antiserums in each of these three components. Similarly, additional GLUT4 proteins were not released from the fibrous pellet after DNase treatment in the presence of protease inhibitors.
Muscle membranes prepared as described in the previous paragraph were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by immunoblotting (100 fig/lane) with monoclonal antibody (MoAb) 1F8, specific for the COOH-terminal of GLUT4 (18), and polyclonal antiserums raised against COOH-terminal peptides for GLUT1 and GLUT4. Immunolabeled bands were visualized with a 125 l-labeled sheep antimouse F(ab') 2 fragment (Amersham, Arlington Heights, IL) after the MoAb 1F8 immunoblotting and 125 l-protein A (DuPont-NEN, Boston, MA) after the antipeptide antiserums (9) . Bands were quantitated by scanning densitometry.
Total muscle RNA, extracted as described before, was subjected to Northern-blot analysis (10 |xg/lane) on 1.2% formaldehyde-agarose gels, blotted and fixed onto nylon membranes, and probed under stringent conditions with 32 P-labeled GLUT1, GLUT4, and p-actin probes (9) . Equivalent loading of RNA in each lane was assessed by ultraviolet shadowing. The GLUT1 cRNA probe and the actin cDNA probe were labeled, and washes were performed as previously described (9) . The GLUT4 cDNA probe was labeled by random priming and washed as described for other glucose-transporter cDNA probes (9) . The polymerase chain reaction (PCR) was used to isolate the human muscle GLUT4 cDNA as follows. Two oligonucleotide primers, (A) 5'-CGAAGCTTTCATCTTCGCCGCCCCT-3' and (B) 5'-CCGAATTCCGCTTCTCATCCTTCAG-3', which are complementary to the published human GLUT4 cDNA sequence, were synthesized and used to amplify an 852-base pair (bp) GLUT4 cDNA fragment (19) . Primer B and Moloney murine leukemia virus reverse transcriptase (Bethesda Research, Gaithersburg, MD) were used to generate first-strand cDNA from 10 (xg of total RNA from human skeletal muscle as previously described (20, 21) . The cDNA mixture was amplified by PCR for 40 cycles with primers A and B and Taq DNA polymerase (Perkin-Elmer/Cetus, Norwalk, CT), as previously described (20, 21) . The 852-bp PCR product was purified by agarose gel electrophoresis and subsequent treatment with Gene Clean (Bio 101, San Diego, CA). Approximately 100-200 ng of the purified PCR-product cDNA was directly sequenced with the dideoxy-chain-termination method (22) . The results of direct sequencing confirmed that the PCR-product cDNA sequence was identical to the published human GLUT4 cDNA in this (proximal coding) region (19) . Blots were exposed to Kodak XAR-5 film with an intensifying screen. The abundance of GLUT1, GLUT4, and actin mRNA was determined by scanning densitometry (Hoeffer, San Francisco, CA). Human muscle GLUT4 mRNA was also analyzed using the slot-blot technique. Total muscle RNA was applied in triplicate (0.5 p-g/slot) to nitrocellulose filters with a Hybri-slot manifold (Bethesda Research). Rat liver RNA was applied to slot blots as a negative control. Filters were hybridized with a GLUT4 cDNA probe, as described above, and mRNA levels were quantitated by scanning densitometry.
Results are given as means ± SE. Student's unpaired t test was used to compare mean values. The Beth Israel Hospital analyzer system was employed in correlation studies and analysis of variance.
RESULTS
Clinical characteristics of the participants of the study are outlined in Table 1 . Obese subjects with and without NIDDM had fasting hyperinsulinemia indicating insulin resistance. To assess whether the glucose transport system was altered at the level of gene expression, we isolated total RNA from biopsies of the vastus lateralis muscle of the thigh. The RNA of 33 subjects was analyzed by the Northern-blot technique under stringent hybridization conditions with 32 P-labeled GLUT4 cDNA. The cDNA recognized a single 3.0-to 3.5-kilobase mRNA, the size of which was unaltered by diabetes or obesity (Fig. 1) . When Northern blots were loaded with equivalent amounts of total RNA/lane, the abundance of the specific glucose-transporter mRNA showed a 1.5-to 3-fold variation in each group of individuals, with no significant difference in the mean between the groups (obese nondiabetic, 154 ± 24% of lean control; diabetic, 98 ± 11% of 'lean control). When expressed in relation to actin mRNA abundance, the GLUT4 mRNA levels were still minimally affected by obesity or diabetes (Fig. 1C) . The GLUT4/actin mRNA values (ratio of optical density units) for the Northern blots were obese nondiabetic, 84 ± 6% of lean control; obese diabetic, 95 ± 10% of obese control; lean diabetic, 95 ± 12% of lean control; and all diabetic, 93 ± 7% of all control.
To better quantitate the GLUT4 transcripts, we also performed slot-blot analysis in triplicate on RNA from all 36 individuals, using the same cDNA probe. Quantitative densitometric scanning of slot blots also failed to detect any significant differences between the groups at the level of GLUT4 mRNA, despite demonstrating an ability to distin- guish small known differences with a standard curve (Fig.  2) . The normalization of glucose-transporter mRNA relative to total RNA is justified only if diabetes or obesity is not accompanied by pertubations in the amount of total RNA per unit of muscle tissue. Therefore, it might be physiologically more relevant to normalize the results per gram of muscle or per DNA, assuming that equal concentrations of DNA reflect the same number of multinucleated muscle cells. RNA/g of muscle was unaltered with obesity or diabetes ( Table 2 ). In muscle biopsies from obese nondiabetic subjects, the amount of RNA/DNA was not statistically different from that of lean control subjects (Table 2 ). In lean diabetic individuals, the ratio was decreased by 40%, and in obese diabetic individuals, the ratio was decreased by 35% (P < 0.05 vs. lean control individuals; Table 2 ). Applying this denominator, the abundance of GLUT4 mRNA was slightly decreased in diabetic subjects; however, this decrease was not seen at the GLUT4 protein level.
We also studied the expression of the specific mRNA for GLUT1 in skeletal muscle, with Northern-blot analysis ( Fig.  1/4 ). The transcript size was similar to that of GLUT4. Again, overlapping values for mRNA between diabetic subjects and matched control subjects was demonstrated, although the variability for GLUT1 mRNA was smaller than for GLUT4 mRNA.
The amount of GLUT4 protein in a crude membrane preparation of human skeletal muscle was quantitated by Western blotting with two antiserums specific for GLUT4 (18) . In all groups, a dominant band of -47,000-49,000 M, was identified (Fig. 3) . Because prestained molecular-weight standards were used, the precise molecular weight of this protein cannot be determined; however, it comigrates with the GLUT4 protein in rat adipose cell low-density microsomes, suggesting that it may be 43,000-45,000 M r (18; Fig. 38) . Because of the fainter lower-molecular-weight bands detected with antiserum 1F8 (Fig. 3/\ ), immunoblots were repeated with an anti-GLUT4 COOH-terminal peptide antiserum (Fig. 38) . This revealed only a single band of the same molecular weight as the one detected by antiserum 1F8.
Densitometric scanning of autoradiograms showed no difference in the relative abundance of GLUT4 protein between groups when results were normalized for equal amounts of membrane protein (obese, 83 ± 15% of lean control; diabetic, 103 ± 19% of lean control). When diabetic subjects were separated into lean and obese groups, GLUT4 protein levels were still unchanged (lean diabetic, 96 ± 29% of lean control; obese diabetic, 90 ± 21% of obese nondiabetic). Normalization of the glucose-transporter protein/DNA did not change the interpretation of results, because the amounts of total protein recovered in the crude membrane preparations were similar in all groups (Table 2) . Immunoblotting of muscle membranes with an anti-GLUT1 antiserum revealed a broad and intense signal, which probably reflected the highly glycosylated glucose transporter in erythrocytes present in muscle (data not shown).
We also analyzed the specific mRNA and protein data after the diabetic subjects were divided according to therapy (untreated newly diagnosed vs. diet ± drug therapy) and degree of glycemic control (HbA lc ^7.5%); however, no significant differences in levels of GLUT4 mRNA (Fig. 3) 
DISCUSSION
Recently, cDNAs encoding several genetically distinct glucose transporters have been cloned (for a review, see ref.
8). These include a glucose transporter isolated from human HepG2 hepatoma cells and rat brain (GLUT1) and expressed in a wide variety of tissues; a glucose transporter isolated from liver and pancreatic islets; and liver, kidney, intestine, and p-cells (GLUT2). One was isolated from a fetal skeletal muscle cDNA library (GLUT3), which is also widely expressed. The most recently characterized member of this family of glucose transporters is the so-called "major insulinresponsive" glucose transporter (GLUT4), cloned from skeletal muscle, heart and adipose cells and expressed in significant levels exclusively in classic insulin-responsive tissues. Given the existence of multiple transporter species with overlapping tissue distribution, it is essential to determine the function of these species and the extent to which altered expression or function of individual transporters may play a role in the pathogenesis of insulin resistance in diabetic or altered nutritional states. Several lines of evidence have led to the belief that GLUT4, not GLUT1, may be the dominant species responsible for insulin-sensitive glucose transport in those tissues that express it and that reduced expression of GLUT4 at the pretranslational level may be a central feature of the pathogenesis of insulin-resistant glucose transport. First, although GLUT1 is expressed in adipose and skeletal muscle tissue, the concentration of this transporter protein increases only ~2-fold in the plasma membrane of rat adipocytes in response to insulin, whereas the concentration of GLUT4 protein increases ~ 10-fold in adipocyte plasma membranes after insulin stimulation (18) . Second, GLUT1 is much less abundant in rat adipose cells than GLUT4 (23) . Finally, several groups of investigators have reported that, in adipocytes from rats made acutely diabetic by streptozocin injection, there is a substantial decrease in both GLUT4 mRNA and protein, which is reversed by insulin treatment (9-12), whereas GLUT1 is unaltered by diabetes (9) .
Investigations of experimental diabetes also included studies in rat skeletal muscle. Changes in GLUT4 mRNA (10) and glucose transporters assessed by cytochalasin-B binding (24) , which detects both GLUT1 and GLUT4 (23) , show the same tendency as changes in adipocytes, although the changes are less pronounced. We found a 1.5-to 3-fold variability of GLUT1 and GLUT4 mRNA and GLUT4 protein within each group of subjects. This degree of biological variability is not unexpected and is in accordance with the range of values for related phenomena. That is, even within groups of lean healthy subjects, 3-fold variations have been demonstrated in basal and insulin-stimulated glucose transport in isolated adipose cells (25) and in basal and insulin-mediated glucose disposal to peripheral tissues as assessed by euglycemic clamp (14) . In this study of lean and obese nondiabetic subjects, newly diagnosed untreated patients with NIDDM, and long-term treated patients with NIDDM, we did not find impaired expression of GLUT1 or GLUT4 in skeletal muscle. Hence, the pathophysiology of insulin-resistant glucose transport appears to differ between streptozocin-induced diabetes in rats and human NIDDM. In this regard, it is notable that, in the fasting rat, another metabolic model associated with insulin-resistant glucose uptake in vivo (26) , GLUT4 expression is actually increased in muscle while GLUT4 mRNA and protein are markedly reduced in adipose cells (27) . Thus, in animal models, GLUT4 expression in muscle does not necessarily correlate with in vivo insulin responsiveness. In conclusion, our findings argue against the hypothesis that impaired expression of GLUT1 or GLUT4 in muscle is responsible for the pathogenesis of insulin-resistant glucose disposal to peripheral tissues in patients with moderate obesity or mild NIDDM.
